Abstract: An optoelectronic feedback reservoir computing (RC) system that can identify optical packet headers for an optical packet switching (OPS) network is proposed and implemented by the numerical simulation and the experiment in this paper. First, a simulation system of optical packet header recognition based on the optoelectronic feedback RC is established through optimizing its parameters. It is shown that the optoelectronic feedback RC system can correctly identify optical packet headers with lengths from 3 bits to 32 bits and that the recognition word-error rate (WER) is 0. Then, an experiment system consistent with the optimal simulation system is set up, whose WER for the 3-bit header recognition is only 1.25%. The experimental results also indicate that the bias voltage of the MachZehnder modulator (MZM) has a significant impact on recognition results. When the RC system is in the critical state between the multiple-period oscillation and the chaos, the maximal Lyapunov exponent is slightly larger than 0, and the recognition normalized rootmean-square error (NRMSE) reaches its minimal value.
Introduction
With the rapid development of modern society, the massive growth of data greatly promotes the development of communications technologies. The optical communication network has many advantages such as the high bandwidth, the large capacity, the low loss, etc., so that it plays an irreplaceable role in the wired communication system. Compared with the existing optical circuit switching (OCS) network, the optical packet switching (OPS) network has the greater potential for the high bandwidth utilization and the low power consumption [1] - [3] . An optical packet consists of an optical packet header and a payload, and the former contains the routing information and the latter carries user's data. A router in an OPS network can extract headers, identify types of headers, process the routing information, and send the optical packet to a proper port [4] , [5] , that is, the identification of optical packet headers determines whether the routing information can be obtained correctly, which becomes one of key techniques of an OPS network.
During recent years, some literatures have focused the optical packet header recognition techniques. A scalable photonic-integrated architecture comprised of the cascaded SOA-based MachZehnder interferometers was proposed for the all-optical packet header processing in [6] . A compensator utilizing the time-to-space conversion and the spatial two-dimensional correlation was proposed for the optical label recognition in [7] . However, these techniques have a critical disadvantage of low output contrast so that the extra optical devices is indispensable to compensate the output contrast. In addition to methods mentioned above, the optical-packet header processing through utilizing the optical neural network has become a new hotspot [8] - [11] . The reservoir computing with a single node is a new type of artificial neural network consisting of one nonlinear node and one delay line [37] - [39] , whose hardware cost is significantly reduced in comparison with the traditional neural network [12] - [16] . As a single node RC, the optoelectronic feedback reservoir computing can be easily implemented by several optoelectronic devices [17] - [19] . With the quite simple training process on its output layer, the RC system can achieve different pattern recognitions and time series prediction tasks [20] - [22] . In addition, since the reservoir computing system contains many nonlinear states it can be employed as the analog computer to directly process analog signals without the digital quantization [23] - [25] . Overall, the optoelectronic feedback RC has more powerful information processing ability and less system complexity than a traditional neural network. Therefore, it can process a variety of high-speed optical signals under different application backgrounds [26] - [30] .
In this paper, an optoelectronic feedback RC is applied to realize the task of the optical packet header identification for the OPS network. We numerically simulate the optoelectronic feedback RC to identify the optical packet headers with 3 bits, 16 bits, and 32 bits, respectively. Then we establish the experiment system consistent with the numerical simulation. Besides, the impact of system parameters such as a modulator bias voltage and a feedback optical power on recognition results is analyzed in detail. Fig. 1 shows the structure diagram of the single node reservoir computing that can identify the optical packet headers and map them to corresponding routing ports after being trained. I i (t) represents the n types of packet headers and then multiply with the preprocessing mask M to construct the serial input signal J i (t). After being amplified γ times, the input signal J i (t) is applied to the nonlinear node and transmitted in the feedback delay loop. In the RC's output layer, the nonlinear mapped signal is trained and tested utilizing the ridge regression algorithm [31] , [32] .
Principle of the Optoelectronic Feedback RC
The block diagram of the optical packet header recognition utilizing the photoelectric feedback reservoir computing is shown in Fig. 2 . The continuous-wave light generated by a laser diode (LD) turns to the nonlinear oscillation on account of the reservoir that is composed of a Mach-Zehnder modulator (MZM), an optical delay line (ODL), an optical coupler (OC), a variable optical attenuator (VOA), a photodiode (PD), an electronic amplifier (AMP), and a low-pass filter (LPF). Optical packet headers after being optoelectric conversion are added with the feedback electric signals and are fed into the MZM's RF port. The nonlinearity of the MZM can be changed by loading different voltages at the bias port. The OC divides the RC's output signal into two parts, where one part is fed back and another part is sent to the output layer for the training and testing recognition results.
The dynamic behavior of the optoelectric feedback system is represented as the following equation [33] - [36] :
where x(ε)dε to replace the integral term so that the Eq. (1) can be reduced to
If the input signal J(t) is considered, the equation set becomes
In the numerical simulation, the parameters are chosen as follows according to [17] , [19] , [40] : τ = 19.89 ps, θ = 51.34 ps, T = 2.5 ns, φ = −π/4, V π = 5 V. The feedback coefficient β is a significant parameter that can affect the nonlinear state of the system and the result of identification. After the RC's internal state vector x trained, the connection weights matrix W of the output layer is fixed and then, we can get the RC's output vectorŷ = W · x. To evaluate the identification results, we calculate the normalized root mean square error (NRMSE) and the word error rate (WER) as expressed by Eq. (4) and Eq. (5) to indicate the accuracy and reliability of the identification. In Eq. (4),ŷ(t) and y(t) represent the RC's actual output and the target output at time t respectively, while n is the length of discrete data. In Eq. (5), N all is the total number of the optical headers, while N cor r ect is the number of correctly identified headers (we define one header as a "word"). The NRMSE represents the deviation between the target output and the actual output whose acceptable value is less than 0.2 according to [22] , [29] , and [30] for a good recognition result. The WER indicates the reliability of the optical packet switching networks. Its value should be less than 0.02.
Simulation Results
To quickly find the optimal parameters of the simulation system, we choose the 3-bit optical packet header as the RC's input signal. Eight types of 3-bit headers (000∼111) are generated while each bit is sampled by 6 points to imitate the analog RC system. The bit rate for our simulation system is 10 Gbps. The total number of the optical packet headers is 80 (64 headers for training and 16 headers for testing). The virtual node number of the RC is 400 with the corresponding mask whose elements are randomly distributed ±0.1 for the preprocessing. The results of the optical packet header recognition under different feedback coefficients are shown in Fig. 3 whose NRMSE is firstly decreased and then increased. The optimal feedback coefficient β is 2 with the minimal NRMSE as 0.0352 and the minimal WER as 0. With the increase of β, the RC's state changes from the periodic oscillation state to the chaotic state and will be in the transient state when β equals to 2. In the transient state, the RC has an infinite dimensional space so the input signal is mapped to the higher dimensional space and becomes more linearly separable. This is why the RC can achieve the recognition tasks.
The recognition results of 8 types of optical packet headers matching with the 8 output ports are shown in Fig. 4 . Different color lines represent different types of the optical packet headers. The target output of correct identification is +1 while the wrong identification is −1 oppositely. As seen from Fig. 4 , all the headers can be mapped to the corresponding output ports correctly.
Optical packet headers often carry the white Gauss noise since there are the active optical devices such as lasers or optical amplifiers in an optical communication system. In our simulation, we set the signal-to-noise ratio (SNR) of the optical packet headers from 10 dB to 80 dB and the NRMSE curve of recognition is shown in Fig. 5 . The optoelectronic feedback RC system will incorrectly identify the optical packet headers when the SNR is 10 dB. The corresponding NRMSE is 0.3361 and the WER is 3.75%, i.e., three among 80 optical headers can be identified incorrectly. When the SNR is above 20 dB, the NRMSE is lower than 0.15, and the WER is 0. These results indicate that the optoelectronic feedback RC could be applied to the OPS network in the matter of noise tolerance. The actual optical packet headers have different lengths and the router information is always a 2 nbit long binary sequence, and therefore, the recognition for 8 types of packet headers with the length of 8 bits, 16 bits and 32 bits is implemented in our simulation. The optoelectronic feedback reservoir computing has good scalability that can identify various types of the optical packet headers with different lengths. While RC may be used in the high-speed optical packet switching networks as the backbone network with less types of routing information, we mainly focused on 8 types of the optical packet headers in the simulations. The corresponding recognition results are shown in Fig. 6(a)-(c) respectively. The NRMSE of each subfigure from the top to the bottom is 0.0374, 0.0389 and 0.0391 while all the recognition WER is 0. These results show that the optoelectronic feedback RC system can identify the optical packet headers with different lengths in different practical tasks for an OPS network.
Experimental Results
The structure diagram of the experimental system based on the optoelectronic feedback RC is shown in Fig. 7(a) and (b) is the photo of test bed. A distributed feedback Bragg (DFB, 1551.72 nm) laser generates continuous-wave light with the optical power of −3 dBm. Through the Erbiumdoped fiber amplifier (EDFA1) and the variable optical attenuator (VOA1), the optical power is stable at 7 dBm. The polarization controller (PC1) before the Mach-Zehnder modulator (MZM, MXAN-LN-10) is arranged to adjust the polarization. The input electronic signal is changed to optical signal by the MZM. The optical signal is amplified to 7 dBm by EDFA2. The time delay for the feedback loop is 9.67 ns produced by a 2-meter long standard single-mode fiber (SSMF). Then, the 50:50 optical coupler (OC) divides the light into two parts. One part is sent to the output layer of RC for training, and another part is fed back to the RF port of the MZM through the photodiode (PD2, DSC-R401HG-39) and the power combiner. The other input port of the power combiner is connected with the arbitrary waveform generator (AWG, Tektronix AFG 3101) that is controlled by a laptop so that different types of packet headers can be generated in our experiment. In our numerical simulations, we can set the bit rate as 10 Gbps to simulate the high speed OPS networks and operate on data at picosecond level. Limited by the laboratory equipments as the arbitrary waveform generator whose maximal bandwidth is 10 MHz and the digital storage oscilloscope whose maximal bandwidth is 4 GHz, we can only generate and analyze the low speed data and verify the feasibility of the recognition task using the proposed optoelectronic feedback reservoir computing. In the future, we will use high-speed FPGA boards to generate the optical packet headers and the preprocessing masks at ∼Gbps level in order not to be limited by the bandwidths of the AWG and OSC. Our compiling software is employed to generate the preprocessed 3-bit packet headers with a frequency of 10 MHz and the amplitude of 2 V. There are eight types of 3-bit packet headers at the input layer and each type contains ten repeated headers. The photodiode (PD1, DSC-R401HG-39) converts the light signal into the electric signal and sends it to the digital storage oscilloscope (OSC, Agilent DSO90404A) that saves the output data for training and testing. The sampling rate of the OSC is 4 GSa/s. The virtual node number is 400. The preprocessing mask consists of 400 randomly distributed +0.1 and −0.1. We generated and recorded 80 sets of data with 64 sets for training and 16 sets for testing.
During the experiment, we adjust the parameters of the experimental devices according to the parameters used in the simulations. The typical parameters in the numerical simulations are τ, θ, T, φ, V π , and β. τ is the high-frequency cutoff characteristic time of the optoelectronic feedback loop, while θ is the low-frequency cutoff characteristic time of the feedback loop. In our laboratory, we have no vector network analyzer, so the transfer function of the optoelectronic feedback loop is not experimentally obtained to calculate the two parameters τ and θ. The standard single-mode fiber (SSMF) whose refractive index as 1.45 is a 2-meter fiber jumper. Hence, the corresponding time delay is 9.67 ns in the experiment. The time delay in the simulation is 2.5 ns. The simulation time for a PC increases dramatically with the increasing time delay. 2.5 ns time delay is chosen according to reference [40] . φ is the offset phase of the MZM, which is not measured in the experiment. V π is the half-wave voltage of the MZM. The half-wave voltage of the MZM we measured in the experiment is 6 V. In simulation, the normalized feedback coefficient β has typical values from 0 to 5, while in the experiment we adjust the optical power in the optoelectronic feedback loop by the variable optical attenuator (VOA3) to record the output waveform of the RC. For the simulation of the optoelectronic feedback loop, the normalized voltage that drives the MZM, i.e., x(t) is usually concerned, which is a voltage variable. However, in the experiment, the optical power of the feedback loop is generally measured by an optical power meter, but the change trend for the optical power and the normalized voltage x(t) with the variable parameters is consistent. The purpose of our simulations is to study the change trend in order to provide some information about the parameters adjustment in the experiment.
Adjusting the bias voltage of the MZM will change the nonlinearity of virtual nonlinear nodes and the output of the RC system as well. Fig. 8 indicates the different waveforms observed on the oscilloscope under different bias voltages. When the bias voltage is 0, there is a constant output as shown in Fig. 8(a) . Increasing the bias voltage, the period oscillations of different frequencies are obserived as shown in Fig. 8(b) and (c). It is worth noting that when the bias voltage is between 3.9 V and 4 V, the waveform is in a transient state between the period oscillation and chaos. While bias voltage is above 4 V, the waveform turns to chaos as shown in Fig. 8(d) .
Different outputs of the RC indicate different nonlinear states. Here the maximal Lyapunov exponent (MLE) is utilized to determine whether an experimental time trace is chaos or not. The output data are recorded by the OSC. The MLE is calculated by a PC according to the steps of [41] - [43] . The phase space reconstruction is realized according to the experimental time trace. Note that the time delay τ and the embedding dimension m are calculated by the CC algorithm. For a more detailed calculation, see [41, App. 3] . If the MLE is above 0, the time trace is deemed to be a chaos. The MLEs calculated for different waveforms at the different bias voltages is given in Fig. 9 . When a bias voltage is lower than 3.95 V, the corresponding MLE is smaller than zero. While a voltage is between 3.96 V and 4.6 V, the MLE is bigger than zero and the RC system is in the chaotic state. The bias voltage at 3.95 V is the critical value where the transient state between the period oscillation and chaos appears.
The identification at the different bias voltages is shown in Fig. 10 . As can be seen, the optimal bias voltage is 3.95 V where the minimal NRMSE is 0.2283 and the minimal WER is 1.25%, i.e., 79 among 80 optical headers can be identified correctly.
In our experiment, to adjust the attenuation of VOA3 is equivalent to adjust the feedback coefficient β. Fig. 11 shows the recognition results whose NRMSE curve is V-shaped. We can obtain the optimal feedback optical power is −1.2 dBm with the minimal NRMSE of 0.2283 and the minimal WER of 1.25%. Yet curves in Figs. 3 and 11 are similar in V-shaped trend. Therefore, the optimal feedback light power as −1.2 dBm is consistent with the optimal feedback coefficient β as 2. For these values the optoelectronic feedback reservoir computing is in the transient state to provide the optimal recognition results. Fig. 11 gives the recognition results whose NRMSE curve is V-shaped. We can get the optimal feedback optical power is −1.2 dBm with the minimal NRMSE of 0.2283 and the minimal WER of 1.25%.
As mentioned above, the optimal parameters are as follows: the MZM bias voltage V bi as is 3.95 V and the optimal feedback optical power is −1.2 dBm for our optoelectronic feedback RC system. The graph of desired recognition results and actual recognition results are shown in Fig. 12(i) and (ii), respectively. The warm color bars at the vertical axis indicate the clustering result. If the actual Fig. 10 . NRMSE of the identification at different bias voltages. Fig. 11 . NRMSE of the identification under the different feedback optical power. output is closer to the desired output, the lower subgraph is more similar to the upper subgraph. Fig. 12 (i) and (ii) indicate the good similarity corresponding to the minimal NRMSE of 0.2283 and the minimal WER of 1.25% for the 3-bit optical header identification.
Conclusion
In this paper, an optoelectronic feedback reservoir computing system that can identify the optical packet headers is proposed and investigated by both numerical simulation and physical implementation. We simulate the recognition of the optical packet headers whose lengths are from 3 bits to 32 bits, respectively. In the simulation, we optimized the system parameters such as the feedback coefficient and the SNR to get the minimal NRMSE below 0.04 and the minimal WER as 0. The experiment verifies the feasibility of the optical packet header recognition based on the optoelectronic feedback RC and indicates the optimal parameters as the bias voltage and the feedback optical power. The proposed recognition system has many advantages such as the simple structure, the easy realization and the good noise tolerance. It can be employed for the high-speed optical packet header processing and other important applications in the future OPS network.
